This study uses extended (1880s-2012) rainfall series to examine the implications of historical droughts on water supply yield calculations used in water resource management and drought planning across the English Midlands and Central Wales. UK guidance to water companies is to use climate data from the 1920s to present where possible in modelling to inform water resource management and drought plans; but this period excludes several significant droughts of the late 19th century. This study uses the standardised precipitation index and hydrological modelling (HYSIM and AQUATOR) to investigate the implications of pre-1920s droughts on water resource management. Although drought characterisation identifies two significant droughts in the pre-1920 period, the impact of these events on reservoir storage is less severe than droughts identified in the post-1920 period, indicating that the use of long climate series in water resource modelling is a valuable tool in assessing the robustness of current water resource modelling used in the water resource sector.
INTRODUCTION
Drought is a recurring feature of the UK climate. There have been a number of notable drought events throughout the 20th and 21st centuries (1921-1922, 1933-1934, 1975-1976, 1995-1996, 2004-2006, 2010-2012) 
Under UK legislation, water companies in England and
Wales are required to produce water resources management and drought plans to outline how they intend to manage water supplies. Water resources management plans (WRMPs) are produced every 5 years to define how a water company plans to manage and ensure the security of water supplies over the next 25 years (Environment Agency ).
Whilst drought plans are produced every 3 years, these plans outline the short-term measures required to manage water supplies before, during and after a drought, whilst minimising impacts on the environment (Environment Agency ). A key component of water resource management and drought plans is the calculation of DO. This is defined by the Environment Agency () as 'the output for specified conditions and demands of commissioned source, group of sources or water The study highlights that the temporal and spatial characteristics of drought variability should be taken into account in water resource management, with an assessment of the water supply system required at local and regional scales.
The use of long climate series with an increased number of drought events is valuable in testing the robustness of water resource modelling. Each drought has a unique set of characteristics that may affect a water resource system in different ways. For example, the sequencing of wetter and drier periods during a drought is an important factor in the performance of a supply system (Watts et al. ). 
DATA AND METHODS

Study area
The Severn Trent Water supply region, spanning central England and mid-Wales, is approximately 21,000 km C; 1887-2012) , Rugby (D; 1872 -2012 and Rhayader (E; 1858 -2012 (Figure 1) . Site E lies outside of the water supply region, however, it is located near the Elan Valley reservoir system that supplies water into the study region.
These sites are selected based on length of record, the percentage of missing data (sites with more than 20% missing data were rejected) and the identification of nearby weather stations to provide missing data through infilling (Peterson et al. ) , with each dataset quality control checked for any data gaps, duplicate entries and erroneous data. Data gaps were filled using linear regression techniques and additional data from the nearby weather stations to produce suitable data based on the relationship between the primary and the secondary station rainfall data (Macdonald et al. ) . Each rainfall series used to fill gaps are within 10 km of the primary weather station. Re-constructed rainfall series were checked for homogeneity, trend and randomness. Inhomogeneous records may be a result of climatic variability or human influence, which include changes in instrumentation. Trend detection was undertaken using the Mann-Kendall trend test to assess for artificial trends in the data that could cause inhomogeneity. DistributionFree CUSUM was used to test for step jump in annual mean and rank difference was used to test for randomness. 
PET
Potential evapotranspiration (PET) is required for rainfallrunoff modelling; it is estimated within this study at a monthly time step, using mean monthly temperature data The SPI is computed using the following steps:
1. Fit a probability density function to selected accumulation period (e.g. 12 months rainfall totals/climatic water balance) using L-moments to estimate parameters.
A gamma probability distribution was found to be the most appropriate fit for the SPI in this case using a Kolmogorov-Smirnov (K-S) test to compare how well the empirical probability function corresponds to the theoretical cumulative probability function of each dataset than normal conditions. In this study drought onset is assumed to occur at an SPI value equal to or less than -1.00 and drought termination is assumed to occur when the SPI returns to 0 or more ( Figure 2 ). The SPI can be used to characterise drought duration, severity and timing of onset and termination. The characterisation is based on the classifications identified in Figure 2 . Drought duration is considered to be the number of months of between drought onset at SPI -1.00 or less and a return to SPI 0 or more, drought severity categorised using the SPI classification system ( Figure 2 ) and peak severity the minimum SPI value recorded during the drought event.
The SPI was computed for multiple timescales -3, 6, 9
and 12 months -these were compared to identify the most suitable accumulation period. The SPI-12 is well suited to characterising the longest, most significant drought periods.
Longer SPI timescales result in a decrease in frequency and increase in duration of individual drought events, with timescales of <6 months masking the most significant drought events, reflecting short term variability in precipitation. This , which identified three multi-year droughts (1975-1976, 1995-1997 and 2010-2012 ) that exhibited spatial and temporal variation across the study region.
Whilst this presented some novel results, the instrumental record length provided insufficient information for informing management decisions. However, the SPI has not been widely used for operational water resource management in the UK. 
RESULTS
Drought characterisation
The SPI-12 series identify several notable droughts throughout the reconstruction period. Six multi-year severe droughts have been identified, 1887-1889, 1893-1897, 1921-1923, 1933-1935, 1975-1977 and 1995-1997 , at all available sites (Figure 3 ). These events are selected for characterisation based on their duration and severity.
1887-1889
This drought period can only be fully characterised at sites A, D and E, as sites B and C do not extend fully back through this event, with both series starting (January 1887) within this drought (Figure 4(a) ). Drought duration ranged from 9 (D) to 27 months (A), with peak severity (SPI) at sites A (-3.20) and D (2.14) in January 1888 and the following month at site E (-
2.35). Onset and termination timing are variable, with onset in July 1887 (A), October 1887 (D) and November 1888 (E)
and termination in June 1888 (D), February 1889 (E) and September 1889 (A). Across the six key droughts identified in the reconstruction, the 1887-1889 event ranks as one of the longest and most severe droughts at site A (Table 1) .
1892-1897
The drought event is part of a series of droughts that occurred as part of the 'long drought' (1890-1910) described as a series of drought periods punctuated by wet spells 
Drought duration ranged from 17 (E) to 27 months (B).
Peak severity ranged from -3.47 (D) to -2.21 (C). Sites A and B display a very similar drought structure in onset, termination and number of months (10) in extreme drought (SPI <-2.00).
1975-1977
Drought 
1995-1998
Drought onset occurred from late 1995 (B, C, D) into early 1996 (A, E) with the drought worsening throughout summer 1996. By November 1996 severity had begun to reduce at all sites, although drought conditions persisted and continued throughout 1997, with termination coherent across the region in January 1998. Drought duration ranged from 21 (B) to 28 months (D) with months in extreme drought ranging from 0 (E) to 10 months (B) and peak severity ranged from -2.67 (C) to -1.51 (E).
Drought events appear to be spatially coherent across the region; inter-station correlation analysis between the SPI values reveals a high level of statistically significant correlation between sites (Table 2) , influenced by the distance between sites. The strongest relationship is between sites C and D with a correlation coefficient at 0.85; the weakest correlation (0.68) is between sites B and E, the sites furthest apart. Despite the high levels of spatial coherence there are apparent variations in drought structure across the region, particularly in peak severity (minimum SPI value) and months in extreme drought.
Within each drought event peak severity was variable by at least 1 SPI drought intensity classification, for example, peak severity across sites A-E during the 1995-1997 drought peak severity ranged from -2.67 at site C to - Trigger E is associated with the implementation of water use restrictions, e.g. temporary use ban (hosepipe bans).
DISCUSSION
Impact of pre-1920 drought on reservoir storage
The pre-1920s reconstruction includes two notable drought events (1887-1889 and 1893-1897) . These droughts rank highly in terms of severity and duration across the 
Implications for water resource modelling
The evidence from this study indicates that within the WRZ 1921-1923; 1975-1977) 
CONCLUSIONS
This paper presents an application of the SPI for operational water resources management and an attempt to physically link meteorological drought indices to water resources in the form of modelled reservoir levels at a long timescale.
Meteorological drought indices can provide valuable information on drought structure as part of a suite of drought indicators and management tools. Spatial analysis of drought characteristics across the study area indicates a high level of regional spatial coherence of drought.
